Because of the skidding process that occurs when a heavy aircraft's main landing gear tires touchdown, since the 1940s, a number of ideas have been patented to improve tire safety and decrease the substantial wear and smoke during every landing by spinning the gear wheels before touchdown. In this paper, a coupled structuralthermal transient analysis in ANSYS has been used to model a single wheel main landing gear as a mass-spring system. This model has been chosen to analyze the wheel's dynamic behavior and tire tread temperature during the short period from static to a matching free-rolling velocity in which the wheel is forced to accelerate by the 1 PhD researcher, Department of Engineering and Design, aa-alroqi@hotmail.com.
I. Introduction
HE approach speed of heavy aircraft to land is high, in order to maintain an acceptable sink rate, this leads to a great difference between the tangential velocity of the tire radius and the horizontal landing speed at touchdown. The tangent velocity of the tire is forced to accelerate so as to overcome the inertia of wheel/tire assembly to match the aircraft ground speed. The runway surface can only provide limited tangent friction between the tire and ground for the acceleration from static. Therefore, slip is inevitable. The slip normally takes place within a second and its distance ranges from several to dozens meters [1] . The heat generated by the slipping tire at touchdown is enough to melt a thin layer of tire tread rubber [2] . However, the majority of heat generated occurs when the wheel is at full skid [3] . The tire tread temperature rises T immediately during the tire skidding phase within 0.1 seconds to exceed the critical temperature [2] . Most of the tire tread material is natural rubber, which has the empirical formula ( and its critical temperature is about [2, 4] .
Some experiments have shown that the rubber deposited on the concrete is at this temperature level [5] . At critical temperature, the bond linkages in the tread rubber material breaks and then wear occurs easily by abrasion force [2] .
About one-third of rubber particles burn off under the skidding wheel is evaporates in the form of smoke, while the remaining proportion stays on the runway [6] . However, the rubber"s contact temperature is a function of the force of friction and the skidding speed, and there is no way to avoid a high force of friction. [7] . Therefore, a reduction in the skidding speed in order to avoid a high slip ratio can be achieved by pre-spinning the wheels. This will allow for the avoidance of a high tread temperature and wear, a reduction in environmental pollution, and an increase in the number of tire cycles which is about 300 cycles (take-offs and landings) for heavy aircraft [8] .
A. Aim of the Study
Patents have suggested that it is possible to spin the rear wheels before touchdown using wind turbines [9] . The wind energy generated by an approaching aircraft is at a high enough speed to be used by wind turbines to spin wheels. The wind energy will be at least equal to the speed of the aircraft. However, the wind turbine has limited efficiency, and to use it for aircraft, it should be small enough to fit in the aircraft undercarriage. It also is important to avoid extra weight or have any aerodynamic effects. In this paper, the model shows how much pre-rotation is sufficient in order to avoid rubber reaching its critical temperature without the need to fully spin wheels, which requires large wind turbines. A Boeing 747-400 single rear wheel has been modeled as a case study in this simulation. Only heat generation by work done has been investigated without strain energy, which is small when comparing it with friction power.
B. Literature Review
In the current literature, few studies have investigated the process by which the rubber of aircraft tires vaporizes during landing. Skid-marks are produced by material being detached by abrasion between slipping tires and the runway surface. In a previous study, we developed a Simulink model to estimate the reduction of aircraft tire wear that could be achieve by spinning the wheel before landing. We concluded that the 100% pre-rotated wheel lost just 1.07% of its tire material through abrasive wear compared to tire wear in a typical aircraft landing [10] .
According to (Ref. [11] ), the force of friction produced between the surfaces of the tire and runway is associated with the internal friction of the rubber, which is a bulk property. The gripping and sliding of rubber over a coarse surface causes the friction to occur. These movements lead to energy loss, which can cause the tire to heat up enough so that smoke is produced.
In [12] , the author developed a model allowing for the simulation of lateral "shimmy" oscillations in a Boeing 747-400 aircraft"s main landing gear. Even though the extent of the research does not contain lateral dynamics, several important experimental data was recorded. For example, his research shows an experimental wheel-velocity time on a
Boeing 747-400 aircraft during landing. This information is useful for validating simulations that investigate skidding time and distance. Measured data in both [12] and [13] demonstrate that tires accelerate from zero rotational speed to a free-rolling velocity within approximately 0.1 seconds from touchdown.
The authors in [14] , developed an algorithm model to simulate and define aircraft tire wear and temperature during the use of an antilock braking system (ABS). They estimated the tread surface temperatures for different landing speeds in the range of 20 -80 knots (10 -41 m/s) and the total vehicle weight being 9979 kg. They used two methods: harmonic ABS cycling point wise and square wave on/off ABS braking point wise. However, the temperature they recorded reached 204 within a portion of a second during maximum landing velocity.
In [15] , the authors used a high speed linear tester (HiLiTe) at the Institute of Dynamics and Vibration Research in Hannover, Germany to investigate aircraft tire tread temperature while a wheel was at full skid ( ) at touchdown. They found that by using a block of rubber sliding on a concrete track for 5.5 m and a bellows cylinder to increase the vertical pressure being applied on the rubber, the sliding rubber temperature rose up from to after distance. This was effected by a pure sliding speed and a 25 bar vertical load. The addition of pressure on a sliding locked block may increase temperature, however, increasing the pressure (load) on a free-rolling tire during touchdown will actually reduce the temperature by reducing the slip distance.
In [16] , an aircraft tire in cornering modeled using finite element software and experimental devices for pure sliding rubber. They tested the fully skidding wheel under a constant vertical load and a sliding speed to estimate heat generated by friction. However, the tire tread temperature increased significantly to when the tire slid over a 4 m distance. This result is useful to check heat generated by our model.
In early research, NASA did some simulations to estimate tire tread temperature during the skidding phase. They found that the average was [17] . Another test by NASA found that the tread temperature reached [18] . However, the advantage of our model presented is that it simulates the real landing with touchdown speeds, including sink rate. It also has the wheel connected with a shock absorber to find the damping force and the wheel"s dynamic behavior.
II. Modeling and Simulation
The following assumptions were made in order to simplify the model and because the evaluation includes constructing the same underlying assumptions for all wheel statuses. First, after touchdown, the pilot does not use brakes in order to prevent the wheels from skidding [19] . Further, constant horizontal speed was used, and the aircraft will land with all of the main wheels and zero wing lift [20, 21] . Moreover, the maximum aircraft landing weight was used. Also, roughly two seconds after the main wheels land, the nose wheel will touch the ground [22] . Therefore, the aircraft weight is divided by the number of rear wheels only.
A. Aircraft Speed
The typical aircraft approach technique is to preserve a constant speed in order to reach 50 feet (15 m) over the edge of the runway prior to the flare maneuver. The flare is used to decrease vertical speed, complete a smooth landing, and to lessen the landing distance. While the flare maneuver is being conducted, the vertical speed is inconstant, and the pitch angle is increased in order to bring enough drag and slow the aircraft by about 10 knots [23] . The vertical sink rate at the moment of landing for the Boeing 747-400 aircraft usually fluctuates between 1.5 m/s and 3 m/s [24] . A sink rate of 2. 
B. Landing Gear Dynamics
The simple mass-spring-damper is modelled using the ANSYS mechanical transient as shown in Fig. 1 . is equal to the weight applied on the shock absorber because zero lift is assumed at touchdown [26, 27] . Balancing forces vertically, the equation representing oscillation of the vehicle mass in Fig. 1 is:
The lumped mass vertical displacement, y has an initial value equal to zero at the moment of touchdown. For this model, further assumptions are taken into consideration: the tire is always in contact with the runway surface, the system is under The equation of motion should be written as [28] :
In our case study, the wheel mass, is very small compared with total mass, m, so it is ignored.
The reaction force acts vertically on the tire contact patch, is equal to the weight applied on the wheel; and to the tire damping coefficient, multiplied by the tire deflection rate, ̇ plus the tire linear stiffness, multiplied by the amount of tire deflection , to be written as:
In a static condition, the tire deflection rate ̇ is equal to zero. So, . From this relationship, we can chose the proper stiffness for the tire material and the proper inflation pressure to control the vertical tire deflection ( N/m and Ns/m) [29] . Solving Eq. (2) for and , using the initial conditions mentioned in the assumptions would give a solution that could be used for determining its first derivative. Including expressions for the final solution for ̇ and in Eq. For contact friction, a simple coulomb friction model is used to calculate the friction force, to be:
The friction coefficient, is a function of the aircraft"s horizontal ground speed, v, and wheel slip, :
C. Wheel Translational and Rotational Dynamic
The effective radius of the wheel under the immediate loading conditions should be used, which can be calculated using the radial tires deflection formula [30] . The effective tire radius, is equal to the free wheel radius, R minus a third of the tire deflection, to be:
The friction force, is distanced from the wheel"s axle by the effective radius. Utilizing the rotational form of Newton"s 2nd law with respect to the wheel moment of inertia , rotational acceleration of the wheel will be:
Wheel speed, with time is simply calculated as the integral of Eq. (7) with respect to time, plus an initial wheel velocity, :
∫ ̇ (8) Figure 2 describes four stages of wheel behaviour at touchdown within a fraction of a second, which is a combination of translational and rotational motion. At position A, the wheel just landed and it is at full skid, and then it will slide for distance to position B. We can calculate the distance, at any position by knowing the sliding time because is constant ( ). From position A to B, the tire contact patch will not change, so the circumference of the tire"s sliding distance at contact with the runway, is just the tire contact patch. Thus, , and the relative velocity between a point tangential to the outer tire surface "skidding speed, " is equal to the forward speed of the aircraft, :
The second stage is when the wheel starts to spin-up from position B as it is effected by a high friction force, , to reach the free rolling level at position C. In this stage, , , , and the skidding speed is:
The third stage is between the positions C and D, which is referred to as slipping. At this stage, the wheel is already rolling and towed by the aircraft structure to match its forward speed; at the same time, the shock absorber and the tire are fully compressed, which means less wheel effective radius (torque arm). Also, the friction force between the tire and runway has reached its peak value, therefore, the wheel"s angular velocity has increased suddenly to be higher than the free rolling level, and therefore, the tire"s circumference distance is higher than the forward distance of aircraft . In this case, the skidding speed will be:
At the fourth stage, the wheel is settled down to the free rolling level after position D to the end of the runway. However, based on previous wheel behaviour, the longitudinal wheel slip ratio, λ, is defined as:
Substituting Eq. (9), Eq. (10), and Eq. (11) in Eq. (12) to present different wheel slippage behaviour [31] :
At a high slip ratio, the tire"s temperature at its contact surface becomes higher and the friction coefficient becomes lower. However, the landing speed has a larger effect on the friction coefficient than the temperature [32] .
Using Burckhardt friction model to estimate the tire runway friction coefficient as a function of longitudinal wheel slip and horizontal ground speed to be [33] :
s the friction curve maximum value, is the friction curve shape, is the difference between the maximum value at and the maximum value of the friction curve, and is in the range of s/m.
In this paper, we are using the dry concrete parameters which are: , and we assume s/m. Figure 3 shows curves with different horizontal touchdown speeds. In this model, constant friction coefficient of 0.7, 0.65, and 0.6 were used for the speeds of 60 m/s, 75.6 m/s, and 90 m/s respectively. These are based on the range of values at which many manufactures are using. 
D. Tire Heat Generation
There are two ways that heat is generated by tires: a friction phenomenon caused by sliding the tire under a heavy load and the stress deformation cycle. In this paper, we focus on sliding friction, which is very high compared with other sources. At landing impact, the tire is sliding similar to a block of rubber under a vertical force on the same contact area.
This leads to very high heat produced by friction power, in this case, the heat source, is defined as:
is the tire contact area ( ), which is constant at for a fully skidding wheel and then become changeable [34] . Boeing provides a formula to calculate the tire contact area. This is done by dividing the load per tire by the tire inflation pressure. The tire footprint area is a 1.6 ellipse to be calculated as: √ , and then the [35] .
Once the tire starts to spin-up, the contact area will be changed to a new contact area that is not heated yet, and the slip ratio becomes less, which means less heating for the new tire area. Moreover, the initial contact area, which already has been heated to the maximum temperature level, will decrease in temperature as it comes in contact with the new "cold" runway area and cool air. This means that the maximum tire tread temperature will only occur on the initial contact surface while the wheel is fully skidding [15] . Moreover, Eq. (15) is the total heat source and part of this thermal power will transfer to the tire and part will transfer to the runway. Therefore, a partition coefficient, should be used to multiply by the heat source equation. The partition coefficient is governed by the thermal conductivities and diffusivities of the tire, , and runway, , respectively and it can be written as [34] :
Thermal diffusivity, can be expressed with respect to the material density, ; thermal conductivity, ; and the specific heat, to be as:
Because all heat source parameters are functions of time, by adding the partition coefficient in Eq. (16) to Eq. (15), the tire heat source becomes as follows:
E. Simulation Setup
The model consists of five parts: the tire, the rim, the shock absorber, the weight box, and the runway as shown in Fig.   4 . Using ANSYS design modeler, the tire has been modeled as one material because the goal of this project is to estimate temperature on the first layer of the tire tread only. The 5180 nodes and 2286 elements are used to mesh the tire and it was filled to 215 PSI. The rim has been added to the tire to control its weight by increasing or decreasing its density to obtain the correct wheel mass. A shock absorber has been connected from the center of the rime to the weight box. Its position is vertical to avoid any cornering, it has the same properties as a Boeing 747-400 shock absorber and is valid for a single wheel ( N/m and Ns/m) [20] .
The weight being applied on the wheel is 18484 kg, which is found by taking the maximum landing weight of a Boeing 747-400, which is 295,743 kg divided by 16 (number of rear wheels) [25] . Finally, the runway is designed to be long enough to complete the simulation.
Weight box
Inflation pressure ANSYS mechanical transient can simulate the dynamic behavior, but to find the heat generated by friction, we have to use a coupled field structural-thermal analysis. In this case, we are supposed to use elements that support combined structural-thermal. ANSYS provides several solid elements that have these properties. "Solid226" is used for this model by applying the command (APDL) for the tire and runway contact surfaces. The users defined results of "TEMP" and "OMGZ" were chosen for tread temperature and wheel angular velocity respectively. At frictional contact between the tire and runway, the simulation provides the forces for every time step. During transient analysis in each time step, there is a small increment of wheel sliding or angular displacements applied, so it is important to apply a small time step ( . Table 1 shows the 3D Main landing gear wheel geometry data [36, 37] . The tire rubber is hyper elastic material, which is defined based on the standard material model available in ANSYS. Table 2 shows the tire tread material properties [16] . Mooney-Rivlin material model has been considered because the tire tread contains a rubber compound with available constants. The material constants defined for Mooney -Rivlin model is supported with the stress versus strain curve for the material, which helps to capture the failure behavior of the tire. The runway is modeled as being of concrete material with a flat surface, and no texture. The partition coefficient, is assumed to be 0.9, which means 90% of heat flux goes to the tire and only 10% goes to the runway. 
III. Results and Discussion

A. An Initial Verification
For an initial check of the temperature results, we simulated the tire sliding on the runway without its shock absorber or box weight, and we applied 250 kN vertically on the rim using a constant friction coefficient of 0.65. The speed was set at 13.89 m/s ( ) in order to capture the temperature after 4m of sliding distance. Figure 5 shows the tire force and a temperature profile of , which is in very good agreement with an error of only 2.36% compared with a temperature value of , which was achieved in [16] . 
B. Wheel Dynamic Behavior
From first simulation for the static wheel with , we obtained the wheel free-rolling angular velocity when it reached to a steady state to set the 50% and 100% pre-rotation wheel for the 2 nd and 3 rd simulations respectively. Figure 6 shows the tire deflection at landing impact. We can simply calculate the amount of tire deflection at a steady state using Eq. (6); however, the wheel angular velocity is enough to set the pre-rotation.
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Fig. 6 Tire landing impact: (a) Approach, (b) Touchdown, and (c) Deflection.
For the three simulations, the reaction force, is similar because the same weight and vertical speed are used, and also the pre-rotation wheel does not make significant changes. Figure 7 shows the vertical and longitudinal forces reacted at a single wheel contact patch versus time during landing, as shown, the peak value of the reaction force is occurred within 0.055 seconds. At this time, the shock absorber is completely compressed, and the tire is at the maximum deflection rate, . The reaction force is decreased later because it was effected by the shock absorber and tire damping. The longitudinal force, follows the reaction force behaviour because a constant friction coefficient is used to avoid model complexity. The friction force increased immediately after touchdown and reached its peak value when the shock absorber and the tire were fully compressed. During the increase in the friction force, the wheel was still at full skid within fractions of a second as it was pulled out by the high forward aircraft speed to cover the full slip distance, until the friction force spun it. At the peak value of the friction force, the wheel spun-up to overshoot level as it was already rolling and affected by the sudden extra friction force. Figure 8 presents the minimum and the maximum wheel angular velocities for the three simulations (the negative sign representsz axis). Figure 9 shows a comparison of wheel angular velocities and slip ratios with initial rotational speeds. The initially static wheel was at full skid for 0.033 sec with a distance of 2.49 m. Then the wheel started to spin-up and the total skidding distance was 9.1 m during 0.12 sec. This agreed with the results in [12] and [13] . The curve shows the wheel spin-up is more than the free-rolling level at 140.4 rad/sec. This is because it was towed to rotate and match the aircraft forward speed; and the friction force reached the peak value which spun the wheel to overshoot level, and then the wheel wavered to spin-down to reach a velocity where , i.e. the slip ratio can be zero when the aircraft forward speed is equal to the tangential velocity of a point on tire"s surface. When this occurs, the wheel spin-up phase has ended, and the tire is able to rolling without interference until breaks are used to slow the wheel. In the first simulation, the wheel free rolling velocity at a steady state was 121 rad/sec. Therefore, this value was set for the 100% pre-rotation, and 60.5 rad/sec was used for the 50% pre-rotation value. The wheel initially rolling at 50% shows a drop in velocity at the moment of contact with the ground from 60.5 to 17.15 rad/sec within 0.002 seconds. It only waivered for 0.05 seconds with an average of 30 rad/sec. The friction force became high enough to spin it to overshoot more than wheel"s initial static level to 144.23 rad/sec, which is logical as it rotates and is effected by the same effects that occur for a typical landing wheel. However, the steady state rotation was achieved after 0.13 seconds with slight slipping until 0.14 seconds, and the total distance was 9.83 m.
The wheel initially rolling at 100% pre-rotation also shows a drop at landing impact from 121 to 30 rad/sec within 0.002 seconds. The wheel wavers for 0.04 seconds to spin up to its highest level at 149.31 rad/sec. It settled down to be free rolling after 0.14 seconds with a 10.58 m skidding distance. Figure 9 (b) shows that when the wheel was initially static it slipped 100% during full skid of the wheel, and it became zero at a steady state. The maximum value of a 50% pre-rotating wheel was 0.86 of slippage. It increased from 0.5 to 0.72 immediately after touchdown within 0.002 seconds, and it maintained an average value of 0.75 for 0.04 seconds. The 100% pre-rotating wheel slip increased within 0.002 seconds from zero to 0.75, and then it wavered with an average value of 0.5 for 0.05 seconds. The comparison shows the lowest average slip was for 100% pre-rotated wheel, but the angular velocity range was the highest. A fully skidding wheel is avoided by pre-rotating the wheel by 50%, but the slip still occurred even with a fully rotational speed. This simulation did not provide torque applied to the spinning wheel before touchdown, and for this reason, it is possible that the reduction of the pre-spun wheel"s angular velocity is high.
C. Tire Tread Temperature
The maximum values of tread temperatures for the three simulations are shown in Fig. 10 . The initially static wheel, in Fig. 10 (a) , recorded the highest temperature on its first contact area with the runway at . The small area surrounding the wheel had a temperature of , and the majority of tread temperature was less than . The static wheel had the highest temperatures because the affected area was fully sliding with a speed equal to the aircraft"s forward speed until the longitudinal friction force increased to spin the wheel and then changed its position. The hottest spot represents the most affected area, and it became sticky and wear occurred easily. Also, the temperature of the surrounding area exceeded the rubber melt temperature. The spin up time was not enough to increase the tire"s circumference area to a high temperature even though the slip was high during spin up. The temperature decreased by convection due to periods of noncontact for each wheel revolution. Moreover, the tread contacted new cold runway areas that decreased the temperature as well. The fall in temperature appears after the spin-up phase has ended, because it is small compared to the increase in temperature due to the high slip.
In Fig. 10 (b) , the tire tread temperature of the wheel initially rolling at 50% shows a reduction in maximum value.
The high temperature was on the area of first contact with the runway, which increases with every wheel rotation to be the highest when compared with the tire"s circumference. The spin up time was enough to increase the tread temperature to , and because the tire was not at full skid, the affected area was larger with less temperature compared with the initially static wheel.
In Fig. 10 (c) , the tire that was initially fully rolling does not show a high reduction of its tread temperature. This is because its slip ratio reached a high level of 75% after touchdown. Also, its maximum temperature was on its first contact area. Figure 11 shows tire tread temperature comparisons, in all simulations, there was a delay in heat flux because the dynamic movement was very fast, and this was followed by an increase in temperatures. 
D. Horizontal Speed Sensitivity
With the same inputs, tests were conducted for an initially static wheel with different landing speeds, m/s and 90 m/s. Figures 12-14 shows reaction and friction forces, wheel angular velocities, and temperature level curves respectively. The friction force at the low speed of 60 m/s is higher and increased immediately. This reduced the fully skidding wheel distance (comparing with m/s) to 1.2 m (48% less). Also, the wheel spun up to the maximum value 114.08 rad/sec within 0.052 seconds, and the total skidding phase distance was reduced by 14% to be 7.8 m within 0.13 seconds. At the high speed of 90 m/s, the wheel slid longer and was effected by low friction and a high gap between translational and zero rotational speed. The wheel slid for 3.59 m (31% higher), and the total skidding distance increased by 16% to be 10.8 m. The wheel angular velocity reached its peak value at 164.02 rad/sec within 0.064 seconds and settled down after 0.12 seconds. Figure 15 shows the maximum wheel angular velocities and tread temperature values.
The temperature at the low speed was reduced to 241.3 (21.5% less) while at the high speed it reached 359.31 (14.4% higher). 
E. Vertical Speed Sensitivity
Vertical speed (sink rates) sensitivity was tested also using 5 m/s for a hard landing and 1 m/s for a smooth landing with a 75.6 m/s horizontal speed. Figures 16-18 shows reaction and friction forces, wheel angular velocities, and temperature curves respectively. The hard landing shows a lower temperature because high friction occurred immediately, which reduced the fully skidding wheel time to 0.014 seconds and the distance to only 1.06 m (42% less than typical landing). The total skidding time and distance increased to be 0.13 seconds and 9.83 m respectively. This was because the wheel spun up to 153.67 rad/sec, which is 9% higher than a typical landing. Furthermore, the tread temperature reduced to 284.38 (7% less) as the time when the wheel is at full skid is reduced.
The soft landing data shows a delay in longitudinal friction that led to skidding a longer distance. The wheel started to spin up after 0.039 sec with a distance of 2.95 m, but the temperature reached to 288.65 , which is less than a typical landing (6%). This is because the friction force is less than the typical landing. This appeared with the peak value of wheel angular velocity, which reached 134.76 rad/sec with a relatively long spin up time. The total skidding time and distance was 0.14 seconds and 10.58 m respectively. Figure 19 shows the tire tread temperature and angular velocities profiles. The hard landing led to high tire deflection, which resulted in a large hot spot area compared with a typical and soft landing. 
F. Summary of Results
For all simulations, Table 3 presents the skidding time and distance, maximum slip ratio, and the maximum tread temperatures with input data: 
IV. Conclusion
A single wheel of an aircraft"s main landing gear has been modeled using ANSYS transient coupled structuralthermal to calculate the reduction of tire tread temperature that can be achieved by pre-rolling the wheel before touchdown. The model shows results of the tire tread temperature immediately after touchdown for a typical landing (where the wheel is initially static), 50% and 100% pre-rotated wheel, the sensitivity to the horizontal landing speeds and the sensitivity to sink rates.
We conclude that rotating the aircraft wheel before landing to 50% of its free rolling velocity on the runway could reduce the tire tread temperature at touchdown to be below the rubber"s critical temperature.
The angular velocity of the pre-rotated wheel decreases immediately after touchdown, but full skid is avoided and the tire produces heat as the slip occurs, even with a fully pre-rotated wheel.
Increasing the horizontal landing speed increases the tire tread temperature and vice versa. A hard landing increases the load on the wheel at touchdown, which leads the wheel to spin-up faster, due to a higher level of friction between the tire and runway compared with the level for a typical landing; thus, the less the skidding distance and time, the lower the tire tread temperature.
In the end, only longitudinal dynamic is modeled in this paper. Further study should include lateral dynamic in the case of cross wind landing.
Appendix A Theoretical FEM Model
Considering, the source term of the diffusion equation, and its function of time, the diffusion equation in the cylindrical polar coordinate is given by: Figure 20 shows the cylindrical polar coordinate system for the tire tread contact with the runway, which is unchangeable at full skid wheel and changeable during spin-up or rotation. In spin-up case, the cold tread material is coming in, and the heated tread is going out for some time step. However, for every sub-region we assume element wise angular symmetry around every material point of the contact tread. This assumption helps us to solve the problem on a 2-D domain. The 2-D schematic representation of tread is given by Fig. 21 . We let donate the temperature inside the tread at any given point in the tread at time t.
The temperature is modeled to satisfy the diffusion equation on the 2-D schematic representation of the domain as follows: is the radial variable in the cylindrical polar coordinates, is the vertical space variable in the cylindrical polar coordinates, is the source term, which donates the generated amount of heat that results from the work done by friction. The initial condition for which we assume a certain uniform temperature at the beginning of touchdown is:
We use the finite element method to solve this equation. In order to compute the weak formulation, we introduce the solution and test the function spaces by:
satisfies the boundary conditions posed by the problem , and is zero on all boundaries respectively, where is the set of all functions whose norm and the norm of its first derivative is bounded. We multiply both sides of the equation by a test function and integrate over and :
Using integration by parts we get:
where, S is the stiffness and is the outward normal vector to the boundary. The boundary term will vanish because either is zero on the boundary or is zero, therefore we have:
Which can be written as:
The weak formulation of the problem is to find such that:
∫ [ ]
For all . We define the finite element spaces by:
,
{ }
The corresponding finite element formulation is to find such that
∫ [ ]
For all we express and in terms of linear combinations of basis functions of the finite element spaces in the form of:
Where, is the temperature at the ith node. This will be the vector of unknowns to be computed by the resulted algebraic system. and are the basis functions, which from to collectively span the finite element space Substituting the expressions for and in the finite element formulation we get:
Assuming sufficient smoothness of and , we may interchange the summation with integration, so we have:
where, is . Here the time derivative only hits the coefficient because is not dependent on time. We may write this as a system of an algebraic equation for each time step. We use the finite difference method to step up in time, and as such, we define the following vectors and matrices:
the stiffness matrix and its entries are defined by:
∫ the mass matrix and its entries are given by:
∫ the load vector and its column entries are given by:
∫
We use backward Euler"s scheme to step up in time so we have:
This is a discrete system of algebraic equations with unknown for each time step. When the solution to this system is obtained for every time step, the temperature at every node in the discretized domain of the tread will be known, and one will be able to take into account the consequences of high and low temperatures in different regions within the tread material.
Appendix B Simulation Process
The main process of the simulation model is shown in Fig. 22 . The simulation begins with the input data in the form of variables and invariables. The variable data changes from one simulation to another while the invariable data is constant for all the simulations.
In this model, there are two steps of calculation for each iteration. The first step is the mechanical analysis of the wheel"s dynamic behavior and the forces generated at the tire"s contact with the runway. In this step, everything needed to calculate the friction power (Eq. 15) is done; i.e. the friction force, the wheel skidding speed and the tire contact area are calculated. The second step is the thermal analysis; where the total heat generated between the tire and runway and then the amount of heat that is going up to the tire is calculated. Finally, the tire tread contact temperature is calculated, and the process repeated many times to reach convergence. Figure 23 shows the outline of the simulation model with some comments. The outline shows the main three sections; geometry, transient and solution. Here, the most important procedures are explained.
In the geometry section, the element "solid226" has been used for the tire and runway to allow coupling structuralthermal analysis, as only certain combinations of elements can be used in ANSYS. The analysis has been done by using APDL (ANSYS Parametric Design Language) commands. ANSYS provides many codes (APDL) for different purposes with the option of changing the command by editing the code if required.
In the contact region between the tire and runway, the friction coefficient is applied and also there are two commands; one for calculating the total heat generated due to friction (Eq. 15) and the other command is to control the amount of heat that is going up to the tire, which is the partition coefficient (Eq. 16).
To set the initial wheel velocity,
Element type solid226
Long runway partition coefficient, Initial temperature Total generated heat, q p c ω i : Fig. 23 Outline of the simulation model.
In the transient section, the initial conditions (horizontal speed and sink rate), analysis setting (controls of step, solver, nonlinear, and damping plus analysis data management) and the initial wheel velocity (direct input shown as "jointrotational velocity") are all shown. The temperature is set at for all the simulations as an APDL command.
In the solution section, we can find all required results. For example, by using the user defined result "TEMP" with the chosen tire tread surface, the solver will calculate the tire tread temperature. The same procedure is used to calculate the wheel angular velocity around a z axis; by using the user defined result "OMGZ" for the wheel geometry.
